Stereoselective synthesis of the Indole Alkaloids Nitrarine, Nitramidine and Isomers. A Biomiometic approach. Wanner, M.J.; Koomen, G.J. 
H-3P: Nitrarine
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Biosynthesis. Most of the known indole alkaloids are biosynthetically derived from diterpenes, although after several rearrangements, the original secologanine branching is often difficult to recognize. The Nitraria indole alkaloids possess the same number of carbon atoms: tryptamine plus a C10 fragment, and in many instances a yohimbine skeleton was incorrectly assigned to these alka1oids.l The carbon skeleton of the nitrarine family is more likely originated from two dehydropiperidine units 7 , leading via a Pictet-Spengler reaction with aldehyde 5 to a n achiral intermediate 4, a s is shown in the biosynthetic retroscheme (Scheme 1). Piperidine dimer 6 (tetrahydroanabasine) is a well known bioprecursor for alkaloid synthesis in lupine species4 and can be transformed into aldehyde 5 in two steps. Lysine 7 non-enzyme catalyzed Michael and imino-aldol reactions. Support for the assumption of uncatalyzed cyclization is found in an interesting property of these Nitraria indole alkaloids: they all appear as natural racemates, a phenomenon which is also observed for several of the Nitraria spiro alkaloids. Based on biosynthetic considerations, we published a revised structure of racemic nazlinine, confirmed by synthesis via the condensation of tryptamine and dehydr~piperidine.~ The presence of racemic alkaloids in Nitraria species has led us to develop a hypothesis on the evolution of these alkaloids in the plants, which will be published elsewhere. The chemical synthesis of these alkaloids via 4 (Scheme 1) offers an attractive route, exploiting the natural reactivity of the iminelenamine functionalities.
Chemistry. of two isomeric trans-indoloquinolizines 10 in 72% yield.
The initially formed Pictet-Spengler product 9 was not isolated since workup of the reaction mixture with sodium carbonate immediately resulted in a Michael type cyclization. Protonation of the Michael adduct anion probably is not a stereoselective process and a mixture of isomeric glutarimides is formed, as we have observed previously in the lupinine synthesk6 Both isomers 10
were isolated separately as their crystalline 1:l complexes with dichloromethane; without inclusion of dichloromethane or chloroform the glutarimides could not be obtained in a crystalline form. The structure of the main isomer 10a was confirmed by X-ray a n a l y~i s .~ Since the glutarimide stereogenic carbon will be destroyed during the next steps of the synthesis, both isomers are suitable for the subsequent conversions leading to compound 13.
The sequence of reactions described herein will be illustrated by starting with the main isomer loa.
As shown in Scheme 3, reduction of 10a with LiAlK gave piperidine 11, which was subjected to a number of oxidation and halogenation conditions. None of the Mercuric acetate/EDTA catalyzed oxidation12 of the C1-N bond in 15/16 to an imine 4 was attempted.
However, this led to fragmentation and oxidation. We therefore returned to di-t-Boc protected enamine 13, and first selectively removed the indole t-Boc-substituent by a carefully controlled thermal deprotection method,13 giving 14 in 70% yield. Now the mercuric acetate/EDTA catalyzed oxidation of this electron rich ,&carboline was extremely facile, yielding an air-sensitive intermediate which was immediately dissolved in 6% HCl and cyclized via 4 a t 80 "C in 3 h (Scheme 5). This reaction proceeded cleanly whereas in acetic acidlwater both starting material and products appeared to be more sensitive towards traces of oxygen, resulting in a considerably lower yield. 
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H-3P: Nitrarine
2. H-3a: Isonitrarine see Table 2 1
The mixture of natural nitramidine 1714 and 15,20-epinitramidine 18 (38:62) could be separated chromatographically in the form of their N1-N4 zwitterions after deprotonating the indolic N-H. An explanation for the observed isomer distribution can be attributed in intermediates A and B, which are formed from 4 via a Michael reaction. Iminelenamine isomerization, as a result of thermodynamic equilibration between A and B, cannot be excluded. Comparison can be made with the stereochemical outcome of the glutarimide ring closure (9 -10, Scheme 2) where the isomer ratio was found to be 72:28. Isomers with a trans configuration around the C15-C20 bond should be highly unfavorable and were indeed not observed.
What remains in the synthesis of nitrarine is the reduction of the C3-N4 iminium bonds in 17 and 18. All of the 4 possible nitrarine isomers could be obtained, the ratios depending on the reduction method (see Tables 1 and 2). Reduction of nitramidine 17 with sodium borohydride produced nitrarine (1) as the main product, while Reduction of the 15,204somer 18 is directed by much stronger steric effects. Hydrogen approach from the @-face of the molecule was possible using both zinc/HCl and sodium borohydride, leading to isomer 3b. Reduction of 18 from the a-side produces the 3,15,20 isomer 3a16 of nitrarine, which shows strong hindrance between the @-carboline en piperidine part of the molecule, according to model studies. Release of this steric strain is expressed by its extremely easy autoxidation to form the starting material 18, when exposed to air. Both the iminium salts 17 and 18 were surprisingly resistant towards reduction with NADH analogs. Stereochemical assignment of all compounds is based on lH-lH-correlation and NOE spectroscopy. Direct comparison of spectra17 was only possible with nitrarine, which was recently isolated from Nitraria Billardieri by Quirion.ls Except for 3a, all compounds have a cis quinolizidine ring junctionlg between the tetrahydro-@-carboline ring and the rest of the molecule, around the C3-N4 bond. The rigid stereochemistry of the azabicyclooctane ring system also forces the piperidine ring a t the other side of the ring system (C15-C20 bond) into a boat conformation.
In summary, a n efficient iminelenamine based synthesis of the nitrarine alkaloids has been accomplished, using a glutarimide system as a stable piperidine equivalent. The preparation of a common aldehyde precursor 4, containing the proper oxidation state for the synthesis of all Nitraria di-and tripiperidine alkaloids' remains a target for synthetic efforts in the future.
Experimental Section
General Information. Infrared spectra were obtained from a Perkin-Elmer 1310 spectrophotometer. Proton nuclear magnetic resonance (lH NMR) spectra were obtained from Bruker AMX 300 (300 MHz) and Bruker ARX 400 (400 MHz) spectrophotometers. These machines were also used for 13C NMR (APT) spectra at 75 resp. 100 MHz. Mass spectra were recorded on a VG Micromass ZAELHFqQ instrument or on a JEOL JMS-SWSX102A Tandem mass spectrometer. A resolving power of 10,000 (10% valley definition) for high resolution electron impact or FAB mass spectrometry was used. Thin layer chromatography (TLC) was performed on silica gelcoated plastic sheets (Merck silica gel 60 F264). Chromatography refers to flash chromatography, using Janssen Chimica silica gel (0.030-0.075 mm). When ammonia containing eluents were used, the silica gel was pretreated with this solvent.
4-[3-(2,6-Dioxopiperidyl)l-1,2,3,4,6,7,12, 12b-octahydroindolo[2,3-a]quinolizines (loa and lob). A solution of aldehyde 8 (1.95 g, 10 mmol) in CH2Clz (120 mL, dest. from CaH2) was treated with tryptamine (1.68 g, 10.5 mmol). The resulting solution was evaporated to a syrup in vacuo, with a bath temperature not exceeding 25 "C. This evaporation was repeated with addition of CHzCl2 (2 x 50 mL). A vigorously stirred solution of this imine in CH2Clz (300 mL) a t 0 "C was treated with TFA (10 mL), added in one portion. After allowing to stand overnight in the refrigerator the reaction mixture was quenched by pouring it into a stirred mixture of aqueous Na2C03 and ether. The organic layer was washed with aqueous NazC03 and the aqueous layers were extracted twice with ether. The combined organic layers were dried (NazS04), filtered and concentrated. Crystallization from CHZClz yielded isomer 10a as an off-white solid (1.66 g). Isomer lob and additional 10a could be isolated from the filtrate by flash chromatography (1% methanol in CHzC12) followed by crystallization from CHzC12. Total yield: 3.04 g (72%). Isomer ratio 72:28. loa: mp 178-184 "C, CHzCl2-evolution at 138-140 "C; 1H NMR (CDC13) N, 9.95; C1, 16.79. Found: C, 59.67; H, 5.90; N, 9.91; C1, 16.69 .
4-[3-Piperidinyl]-l,2,3,4,6,7,12,l2b-octahydroindolo-[2,3-a]quinolizine (11).
Glutarimide 10a (CHzCl2-complex, 0.211 g, 0.5 mmol) was evaporated twice with THF, dissolved in THF (3 mL) and refluxed with LiAlH4 (0.076 g, 2 mmol) during 3 h. Excess reagent was destroyed with ethyl acetate and the reaction mixture was quenched with 1M NaOH. Extraction with ether, drying (NazSO4) and evaporation of the solvents gave a syrup which crystallized during sonication in the presence of some ether. 23.62, 22.07, 17.35; IR (CHCl3) 3475, 3363, 2740 , 1715 , 1702 Wanner and Koomen aqueous layer was made alkaline with KzCO3 and the organic layer was separated. After two extractions with ethyl acetate the combined organic layers were dried (NazS04) and concentrated in vacuo. The residue was dissolved in a mixture of acetonitrile (10 mL) and acetic acid (3 mL), and stirred overnight with sodium cyanoborohydride (0.252 g, 4 mmol) at 50-55 "C. The solvents were evaporated in vacuo, the residue was treated with M NaOH and extracted with four portions ethyl acetate. Drying (NazSOd), evaporation of solvents and crystallization from ethyl acetate (4 mL) yielded 12 as a white solid (0.37 g). Chromatography (MeOWCHzClz) and crystallization of the filtrate gave a combined yield of 12 (0.46 g, 71%): mp 228-230.5 "C; 1H NMR (CDCL) 6 7.80 (bs, lH), 7.44 (d, J = 7.0 Hz, lH), 7.30 (dd, J = 7.0, 1.0 Hz, lH), 7.14-7.04 (m, 2H), 5.94 (bs, lH), 3.47 (m, 2H), 3.37 (m, 2H), 2.9 (m, 2H), 2.6 (m, lH), 2.43 (m, lH), 2.2-1.5 (m, 11H); 13C NMR (CDCl3 + 2 drops of CD30D) 6 174.74,136.07,135.31,127.02,120.93 , 118.91, 117.77, 110.76, 107.28, 60.66, 60.38, 47.27, 42.43, 42.19, 31.70, 29.40, 24.33, 22.50, 21.80, 20.44; IR (KBr) H, 7.79; N, 12.99. Found C, 74.35; H, 7.88; N, 12.94. N-(tert-Butyloxycarbonyl)-4-[3-~N-(tert.butyloxycarbonyl)-l,4,5,6-tetrahydrop~dyl)]-1,2,3,4,6,7,12,12b-octahydroindolo[2,3~]quinolizine (13). Di-tert-butyl dicarbonate (0.69 mL, 3 mmol) was added dropwise to a stirred suspension of piperidone 12 (0.705 g, 2.18 mmol) and DMAP (0.244 g, 2 mmol) in dry CHzClz (10 mL). After stirring overnight at room temperature, additional di-tert-butyl dicarbonate (1.38 mL, 6 m o l ) and DMAP (0.122 g, 1 "01) was added and the reaction mixture was refluxed during 48 h. The solution was diluted with PE 60/80 and directly purified by flash chromatgraphy using PEEtOAdtriethyl amine 90/10/2 as eluent, yielding di-tert-butyloxycarbonyl protected 12 as a white foam (0.96 g, 84%). This product was not further analyzed, but directly reduced with NaJ3H4 (0.38 g, 10 mmol) in dry MeOH at 0 "C during 2 h. The solution was concentrated in vacuo and the residue treated with dilute aqueous KzCO3 and extracted three times with diethyl ether. The organic layer was washed with aqueous KzC03, dried over Na2-so4, concentrated in vacuo and the resulting syrup was coevaporated with toluene (10 mL). A solution of this mixture of isomeric alcohols in toluene (20 mL) containing pyridinium trifluoroacetate (0.1 g) was refluxed during 5 min. Evaporation and crystallization from EtOH gave 13 as white crystals (0.45 g). Chromatography of the filtrate gave a combined yield of 13 (0.55g, lH NMR at 55 "C lH), 2H), 6.8 (broad, lH) , 4.2 (bd, J = 9.9 Hz, lH), 3.66 (bm, lH), 3.44 (m, lH) 122.44, 117.70, 116.58, 115.42, 83.34, 80.36, 66.84, 60.27 Hz, lH), 7.28 2H), lH), 2H) , 2.57-2.51 (m, 4H), 2.29 (ddd, J = 14.5, 10.8, 6.9 Hz, lH), 2.15- 1.70 (m, 5H) . N-(tert-Butyloxycarbonyl)-1,4,5,6-tetrahydropyridyl)l-1,2,3,4,6,7,12,12b-oetahydroindolo[2,3-a]quinolizine (14) . A solution of 13 (0.1 g, 0.20 mmol) in CHzClz (5 mL) was evaporated to a glass in vacuo, and immersed in a preheated oil bath of 195 "C. The reaction mixture was kept at this temperature for 10 min, during which time gas evolution occurred. Too long reaction times and temperatures of 200 "C and higher results in fragmentation of the product. Chromatographic separation of starting material (12 mg, 12%) and crystallization from MeOH yielded 14 as a white solid (47 mg, 70% based on recovered starting material): mp 214.5-216.5 "C; lH NMR at 55 "C(CDC13) 6 7.67 (bs, lH), 7.44 (d, J = 7.2 Hz, lH), 7.28 (d, J = 8 Hz, lH), 7.13-7.05 (m, 2H), 7.0-6.65 (b, lH), 3.69 (bm, lH), 3.44-3.36 (m, 2H), 3.27 (dd, J = 11.6, 5.1 Hz, lH), 3.9-3.75 (m, lH), 2.67 (m, JAB = 15.3 Hz, lH), 2.3-1.5 (m, UH), 1.52 (s, 9H); 13C NMR at 55 "C (CDC13) 6 136. 17, 135.79, 127.59, 122.55, 121.13, 119.29, 117.99, 110.60, 108.86, 80.42, 68.38, 60.47, 49.35, 31.88 (br), 29.99, 28.37, 24.10, 22.21, 21.81 Nitramidine (17) and 15,20-Epinitramidine (18). A suspension of 14 (24 mg, 0.059 mmol) in ethanol (1.2 mL) was treated with 0.1 M aqueous H~(OAC)Z-EDTA~~ (1.8 mL, 0.18 mmol). Nitrogen gas was bubbled into the solution during 10 min and the reaction mixture was heated at 70 "C (bath temperature) during 30 min. After cooling to room temperature aqueous KzC03 (1 mL) and ethyl acetate (3 mL) were added under a Nz atmosphere, the layers were separated and the aqueous layer was extracted with ethyl acetate (3 x 2 mL). The combined organic layers were filtrated over anhydrous Kz-C03, diluted with an equal volume of hexane and extracted with 6% HCl(4 x 1 mL). The combined aqueous HC1 layers were heated at 80-85 "C (bath temperature) under NZ during 3 h. Evaporation of the solvent, addition of aqueous KzCO3 and CHzClz extraction yielded a 38:62 mixture of the yellow, zwitterionic 17 and 18. This mixture was separated by chromatography using as eluent a mixture of CHZClfieOW concd NH40H 75/25/25 and as stationary phase silica gel, pretreated with eluent. After evaporation of the solvents, the zwitterionic compounds were dissolved in ethanol and converted to their di-HC1 salts by acidification with conc. HCl. Coevaporation with ethanol (three times) yielded pure products. NMR-samples in DzO were coevaporated with DzO (0.5 mL) before recording.
4-[3-(
NitramidineBHCl (17): mp 244-248 "C (EtOWdiethyl ether); lH NMR (DzO) 6 7.76 (d, J = 8.2, lH), 7.58-7.52 (m, 2 H), 7.27 (ddd, J = 1. 3, 6.5, 8.2 Hz, lH), lH) , 4.29 (t, lH, J = 9.2 Hz, 2H), 4.10-4.09 (m, lH), 3.74 (ddd, J = 10.7, 3.3, 1.3 Hz, lH), 3.58-3.50 (m, lH), 3.43 (t, J = 9.3 Hz, 2H), 3.29-3.22 (m, lH), 2.65-2.57 (m, lH), 2.38-2.27 (m, 2H), 2.21-2.12 (m, lH), 2.06-1.79 (m, 4 HI, 1.60 (dq, J = 4.9, 13.7 Hz, 1H); 13C NMR (DzO) 6 144. 52, 132.43,128.28, 127.28, 126.40, 124.88, 124.64, 116.18, 63.86, 53.86, 52.26, 43.27, 37.60, 37.58, 22.45, 22.17, 20.02, 19.41. 15,20-Epinitramidine2HC1(18): glass; 'H NMR (DzO) 6 7.78 (d, J = 8. 3 Hz, lH), 2H), lH), lH) , 4.38-4.2 (m, 2H), 4.09 (dd, J = 10.1, 2.4 Hz, lH), 4.07-4.05 (m, lH), 3.50-3.43 (m, 2H), 3.29 (ddd, J = 13.2, 10.7,4.7Hz, lH),3.12(ddd, J = 1 3 . 2 , 10.1,6.4Hz, lH), 2.81-2.72 (m, lH), 2.34-2.26 (m, lH), 2.16-1.80 (m, 6H), 1.39-1.27 (dq, J = 6.1, 13.7 Hz, 1H); 13C NMR(Dz0) 6 168. 42, 144.83, 132.72, 128.70, 127.51, 127.33, 125.04, 124.75, 116.25, 65.44, 56.75, 53.70, 42.73, 39.77, 38.73, 27.52, 25.23, 21.95, 20.94, 18.81; HRMS (FAl3) The rapidly decolorizing solution was stirred at room temperature during 1 h, concentrated in vacuo, and stirred with 1M NaOH. The mixture was extracted with CH2-Clz and dried (1:l mixture of KzC03 and NazSOd, and the C Z O H~~N~ 306.1970.
